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SUMMARY 
The purpose of the research herein summarized was to define 
more clearly the mechanics of rockfill consolidation and to correlate 
the results from this laboratory testing to measurements on actual 
rockfills. The experimental work consisted of three long-term con-
solidation tests on uniform sized samples 7-5 inches in diameter and 
roughly 4.0 inches high. The first test was performed on granite and 
tests 2 and 3 on a metamorphosed feldspathic sandstone called grey-
wacke. The individual particles were between 1.0 and 1.5.inches in 
diameter. The loads on the samples ranged between 1,63k and 32,700 
pounds per square foot. 
The main purpose of this endeavor was satisfied in that a con-
firmation of the suspected mechanics of rockfill consolidation was ob-
tained. The settlement of rockfills is due to the spalling and breaking 
of the points of contact of the individual particles within the fill 
and any finer material trapped between these points. The settlement 
of the lab samples after each increment of loading was similar to that 
of an actual rockfill in that the settlement continued at a constantly 
diminishing rate. 
While testing the first two samples, considerable crushing of 
the top and bottom layers of rock was observed. In the third test, 
two epoxy caps were used on the sample to obviate the flat bearing sur-
face and significant differences were noted between the results of 
tests 2 and 3„ 
V l l 
From a comparison of t e s t s 2 and 3 i t was deduced that when 
a rockf i l l material is tested using normal loading procedures (no 
cap), the resu l t s do not ref lec t the action within the ac tual f i l l . 
The capped sample, however, se t t l ed with no sudden movement and simu-
lated the action of a larger f i l l more c losely. I t was also noticed 
that local settlement is more prevalent when, the simulated f i l l , is 
made of f l a t , elongated pieces of broken rock. This local s e t t l e -
ment appears to be unavoidable. 
An effort, was made to check the supposed benefits derived from 
sluicing a f i l l during construction. I t was found in t h i s t e s t i ng that; 
s luicing is x benef ic ia l in reducing the amount of settlement a f te r "She 
construction of a rockf i l l by lowering the rock's unconfined compres-
sive strength to i t s minimum value during construction. The physical 
charac te r i s t i cs of the rock i t s e l f were found to play an important role 
in i t s resis tance to s e t t l i n g . 
This research suggests that although i t was not possible to 
determine many of the s ignif icant propert ies of rockf i l l s by these 
laboratory consolidation t e s t s , i t should by no means, be the end of 
laboratory t e s t ing of r o c k f i l l s . Experiments should be undertaken to 
observe d i r ec t ly the in te r io r of a rockf i l l during construction and 




Before we can s t a t e c l e a r l y t he mechanics of r o c k f i l l c o n s o l i -
d a t i o n , we must def ine t h e term " r o c k f i l l . " In t h i s paper , r o c k f i l l 
means t h a t t he f i l l i s made of rock in which a t l e a s t h a l f of t h e 
m a t e r i a l in i t s maximum c r o s s - s e c t i o n i s comprised of loose rock placed 
by dumping. This i s c o n s i s t e n t wi th engineer ing l i t e r a t u r e on t h i s 
sub jec t ( 3 ) . Dumping means, any method of p l a c i n g o the r than by hand. 
In normal c o n s o l i d a t i o n t e s t i n g of s a t u r a t e d c l a y s , s i l t s and 
o ther f ine -g ra ined impervious m a t e r i a l s , t h e Terzaghi t heo ry i s used 
t o d e s c r i b e t he a c t i o n t a k i n g p l a c e . 
In e ssence , t h i s t h e o r y s t a t e s t h a t in any sample p r i o r t o 
t e s t i n g , t h e sample has an i n i t i a l void r a t i o e and an i n i t i a l p r e s -
sure on t h e sample p . . When a p r e s su re p ? i s placed on t he sample, 
some c o n s o l i d a t i o n may t a k e p lace depending on t h e amount of a i r forced 
out of t h e sample, compressed wi th in t he s o i l and forced in to s o l u t i o n . 
iln a s a t u r a t e d sample t h i s se t t l emen t i s u s u a l l y q u i t e small due t o 
t h e water w i th in t he voids ca r ry ing the change in p r e s s u r e , Figure 1. 
As t h e water seeps from the sample (a t a r a t e p r o p o r t i o n a l t o 
t h e sample ' s p e r m e a b i l i t y ) , t h e load i s g r a d u a l l y assumed by t he g r a i n s 
themselves and e v e n t u a l l y t h e pore-water p r e s su re s w i l l d i s s i p a t e l e av -
ing the s o i l ske le ton t o c a r r y t he new p re s su re p . This immediately 
b r ings t o l i g h t t he g r e a t d i f f e r ence between normal c o n s o l i d a t i o n 













Figure 1. Pressure-versus-Void Ratio Relationship for a Pressure 
Increment (Terzaghi's Theory). 
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specifying (l) a homogeneous soil, (2) complete saturation, (3) negli-
gible compressibility of soil grains and water and (k) the greatly 
idealized pressure-versus-void-ratio relationship shown in Figure 1 
are just a few of the reasons which obviate any realistic application 
of this theory to the time-rate of consolidation tests on rockfill. 
A theory or empirical means by which total settlement of rockfills 
could be predicted also does not exist. 
The explanation for rockfill consolidation up to the present 
time has been largely due to intuitive reasoning of how a body of this 
type could possible settle. It is usually assumed that the points of 
contact within the mass break, settlement takes place rather rapidly 
with a reorientation of the particles and that no appreciable settle-
ment is further noted. Little investigating has been done to verify 
this reasoning or to relate laboratory testing 'of rockfill to actual 
settlement records (7)» The purpose of this research is to make a step 
in this direction and perhaps give a clue toward developing a theory 
which envelopes this phenomena. 
A factor which influences the amount of settlement to a large 
degree is the presence of fines (or finer material than the rocks 
themselves) between the points of contact. Obviously, in the process 
of consolidation these smaller pieces will break first causing con-
siderable settlement and then fall into the voids of the fill allowing 
the larger pieces to contact each other. This problem did not exist 
in this testing due to the fact that only clean material of uniform 
size was used. This does, however, make difficult any attempt to com-
pare percentages of the settlement or other related data between actual 
k 
fills and laboratory test models. This is especially true if the 
fill was not properly sluiced during construction. 
Sluicing is a construction operation performed on the rockfill 
as it is being built. The normal process is to direct jets of water 
in large quantities and under relatively high pressure upon and 
against the rock as it is being dumped. This is also done on the 
face of the fill between dumpings. 
There seem to be at least two, if not three, different view-
points on the benefit or the manner in which benefit is derived from 
sluicing. Some say that the purpose is to cause the pieces of rock 
to come to Test more nearly in a final position than would otherwise 
be the case. At the same time the sluicing removes the fines from 
between the points of contact and thereby reduces the settlement in 
this manner. Terzaghi (l) suggests that since in most sluicing oper-
ations the mechanical action of the jets discharged by the monitors 
is limited to the uppermost portion of the slope and extending no 
further than 30 or ̂ 0 feet down the slope that the benefit derived 
from sluicing is actually due to the water softening of the rock. 
Terzaghi explains that the water saturates the outer, more 
desiccated portions of the rock where the corner breakage occurs and 
this saturation reduces the compressive strength of the rock to its 
minimum value. This then allows a greater amount of settlement to 
take place during construction and reduces the settlement which takes 
place afterwards. 
The weakening influence of saturation on the compressive strength 
of rock has been known for many years (2). The ratio q'./q-, between 
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the strength q1 of the saturated roc 
the coefficient of softening N . The 
more than kO years ago (2): 
Sound granite, Austria . . . . 
Granites from Sweden 
and Germany . . . . . . . . . 
Crystal l ine Limestone . . . . 
: and q of the dry rock is called 
following data were published 
. . . q « average 21,000 PSI 
N = average 0.88 
. . . q = average 35,000 PSI 
N - average 0.9^ s 
. . . q = average 14,000 PSI 
N = average 0.90 
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CHAPTER II 
EQUIPMENT AND PROCEDURE 
Equipment 
The apparatus used in this test on rockfill did not vary greatly 
from that of normal consolidation tests on fine soils. The necessary 
apparatus consisted of: (1) a suitable container for the sample (con-
sol id ometer*), (2) a loading device which was capable of maintaining a 
constant load on the sample regardless of the amount or rate of deflec-
tion, and (j) an accurate means of measuring this deflection. 
The consoUdometer for this testing was made of seamless steel 
tubing 7»5 inches in inside diameter with a wall thickness of 0.5 
inches. The base and loading head were machined from 1.5 inch steel 
plate. A coefficient of lateral earth pressure of one was assumed for 
the design of this piece of apparatus because the exact lateral pres-
sures could not be predicted and the future use of this consolidometer 
might include consolidation testing of clays with higher coefficients 
of lateral earth pressure than rockfills. As in most laboratory equip-
ment this obvious overdesigning was done to reduce the deflections of 
the consolidometer to a negligible amount. 
For a loading device, this writer was fortunate enough to have 
access to a piece of equipment especially developed for consolidation 
testing -- the Conbel loading device, Figure 2. This machine has been 
designed for consolidation testing loads on normal size samples or for 
Figure 2. The Conbel Loading Device 
-̂  
normal loading on samples of such size as used in th i s work. This 
machine has the a b i l i t y to maintain a constant load regardless of the 
amount of sample deflect ion, 
The major control components of t h i s instrument a re : ( l ) an 
enclosed piston-diaphragm system, (2) precision a i r regula tors , (3) 
pressure gages and (k) control valves. 
The a i r regulators control the a i r pressure acting on the piston 
and, consequently, the load applied to the sample. A continuous sup-
ply of dry a i r is required at 125 pounds per square inch pressure. 
The pressure gages at the front of the instrument are designed 
with a repea tab i l i ty of between l/k to l /2 of one per cent . They are 
equipped with a ref lec tor s t r i p to eliminate parallax in readings 
These gages represent two complete regulating and recording c i r cu i t s 
which enable the use of low loads with good s e n s i t i v i t y ( th is was 
found to be t rue only i f the high-range a i r regulator was le f t par-
t i a l l y open to minimize a i r l o s s ) . A low-range shut-off valve is pro-
vided to remove the low c i rcu i t from operation a t the higher loads, 
and a push-pull type a i r switch to change from one range to another. 
The machine has a spring ra te of approximately nine pounds per inch 
of piston t r ave l which, for a l l p rac t i ca l purposes, is neg l ig ib le . 
The deflection was measured by a micrometer attached to the ram 
as shown in Figure 2 . This micrometer could be read d i r e c t l y to one-
thousandths of an inch and estimated to ten-thousandths of an inch. 
Procedure 
The sample for the f i r s t t e s t was g ran i te , the choice being 
based for the most part on convenience since grani te is prevalent in 
t h i s area and is frequently used in construction. This sample, besides 
being a "pi lot" t e s t , also served as a comparison between dissimilar 
rock types for t e s t s 2 and 3 were performed on metamorphosed mater ial . 
In addition to defining the mechanics of rock f i l l consolidation, 
i t was thought tha t a t the same time th i s research might be correlated 
to the settlement data from actual r o c k f i l l s . To accomplish t h i s , 
samples were obtained from Nantahala Dam in southwestern North Caro-
l ina . 
Nantahala Dam is a 255 foot high sloping core rockf i l l dam from 
which settlement data have been obtained monthly since February, 19^2, 
short ly af te r the completion of the dam. 
Material for the ent i re dam was obtained at the s i t e and the 
rock used was a metamorphosed feldspathic sandstone known as greywacke. 
This material .has an unconfined compressive strength of approximately 
25,000 pounds per square inch. Tests 2 and 3 were performed on t h i s 
mater ia l . 
Testing Program 
The t e s t ing program consisted of three long-term consolidation 
t e s t s on uniformly sized samples 7*5 Inches in diameter and roughly h 
inches high. The f i r s t t e s t was performed on grani te and t e s t nos. 2 
and 3 on the greywacke. 
Preparation of Sample. In each of the three t e s t s performed, 
the sizes of the rock fragments were kept approximately the same. The 
t e s t samples were obtained from the rocks passing a 1.5 inch sieve and 
retained on a 1.0 inch s ieve. This made the largest individual rock 
pa r t i c l e roughly one-fif th of the diameter of the consolidometer. No 
attempt was made to select rocks with similar shapes. The Nantahala 
material was obtained directly from the dam and was chosen as near the 
desired size (1.0 to 1.5 inches) as possible so that no crushing of 
larger stones was necessary. The greywacke was, therefore, a quarried 
stone. The granite was obtained from a local, granite dealer and was 
also a quarry-run material very near the size desired. By sieving, the 
necessary amounts of each type material were obtained for the models. 
The granite was sub-rounded and the greywacke was more angular as can 
be seen in Figure 3. 
The method of placement was identical in test no. one and two. 
Once the proper size material was obtained, it was dropped in the con-
so Udometer and raked by hand to insure that there were no large voids 
within the fill and that each rock was seated in place. Since the 
validity of comparing a sample placed in this manner to that of field 
placement might be questioned, it might be of interest to note that, 
in essence, the sluicing process under which most rockfills are placed 
accomplishes almost the same end result by removing the fines from the 
points of contact of the larger stones. This, in turn, seats the par-
ticles and reduces the amount of settling within the fill. The fines 
that settle into the voids of the fill usually do not affect the fill's 
resistance to settlement or its permeability to any great extent (l), 
but this, of course, depends on the proportion of fines within the fill. 
A special effort was made, however, to turn the topmost stones 
in such a manner so as to place as large a bearing area as possible 
upon which to rest the loading head. This was done because this writer 
thought that in doing so the action of consolidation in the laboratory 
. 
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a. Granite Sample After Testing 
I 
A 
wxm. .*„•*• m*m * i I 
b. Nantahala Greywacke After Testing 
Figure 3* Photographs a. Granite Sample After Testing and 
b. Nantahala Greywacke After Testing. 
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test would more closely resemble consolidation in larger fills. In 
test 3, however, this procedure for the construction of a test model 
was somewhat changed. In this test an effort was made to reduce the 
local crushing at the points of contact of the top and bottom layers 
of rocks by the use of epoxy caps at these two surfaces, Figure k. 
The procedure for making these caps was relatively simple. Tef-
lon film was used to protect the metal consoUdometer from the action 
of the epoxy. After a layer of this film had been spread upon the base 
of the consolidometer, a thin layer (approximately l/2 inch) of epoxy 
was poured into the bottom of the consolidometer. As this epoxy began 
to harden, the rock sample was placed in the consolidometer in the 
same manner as test, samples one and two. Time was allowed (two days) 
for this base cap to harden before the top cap was placed. The proce-
dure for making the top cap, however, was slightly different in that 
the epoxy did not bond to the rock itself. Again a Teflon lining was 
used around the edge of the consolidometer to protect it from the 
epoxy but in this case a thin plastic film was provided for the top 
layer of rock to prevent the epoxy from seeping through the sample. 
In essence, the top cap was a "form-fitted" one. The thin plastic 
film (Saran Wrap) was placed and contoured over each individual rock 
at the surface of the sample. The epoxy was then poured on this sur-
face and allowed to harden. The benefit expected to be derived from 
this was a reduction .in the amount of crushing of these top and bottom 
stones. The role of the cap in this effort was to distribute the applied 
load more evenly over the surface of the top and bottom layers of stones 
rather than concentrating it at the corners as the flat loading head 
13 
a. Epoxy Cap, Consolidometer and 
Greywacke After Test 3 
b. Epoxy Base 
Figure k. Photographs a. Epoxy Cap, Consolidometer and Greywacke 
After Test 3 and b. Epoxy Base. 
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did in t e s t s 1 and 2 . 
The choice of a s u i t a b l e m a t e r i a l fo r t h i s "cap" was not an 
easy problem t o he so lved . An i d e a l m a t e r i a l for t h i s job would be t h e 
one which has before s e t t i n g an i n f i n i t e l y l a r g e modulus of e l a s t i c i t y 
of 900,000 pounds per square inch and an unconfined compressive s t r e n g t h 
of approximate ly 6,000 pounds per square inch . For a l l p r a c t i c a l pur-
poses , t h e d e f l e c t i o n s of t h e cap and t h e p l a s t i c f i lm were n e g l i g i b l e 
for a l l increments of loads used. 
Test 3 ~^as d i f f e r e n t in another r e s p e c t . While under t h e a c t i o n 
of t h e 5,000 pound load and near t h e end of s e t t l i n g under t h i s load. 
(as deduced from t h e t i m e - s e t t l e m e n t curve) t h e sample was flooded 
and allowed t o soak for about 20 minutes before d r a i n i n g . Since s a t u -
r a t i o n reduces t h e compressive s t r e n g t h of rock , t h i s f looding was 
performed t o see i f t h i s could be one of t h e r e a l b e n e f i t s of s l u i c i n g 
in l a r g e r o c k f i l l s . 
Loading Procedure and T e s t i n g . From t h i s po in t on t h e t e s t i n g 
procedure followed very c l o s e l y t o t h a t of normal c o n s o l i d a t i o n t e s t -
ing , t h e except ion being t h a t t he l o a d s , of c o u r s e , a r e much smal le r 
in normal t e s t i n g . The f i r s t increment was chosen as 500 pounds (l6j52 
psf ) and t h i s was roughly doubled for each fol lowing increment of load-
ing up t o t h e h ighes t load of 10,000 pounds (32,600 p s f ) . Under each 
increment of l oad ing , s u f f i c i e n t da ta was taken so t h a t a t i m e - s e t t l e -
ment curve could be plot ted, (see append ix ) . 
In t e s t i n g t h e Nantahala greywacke, t h e c r i t e r i o n for de termin-
ing when t h e se t t l emen t was complete for a c e r t a i n app l i ed load was 
t h a t t h e sample must not have s e t t l e d one t en - thousand ths of an inch 
15 
in at least 36 hours. This vas considered 100 per cent consolidation. 
On this basis when the consolidation was complete under the last load 
increment, the sample was removed and checked for the change in grada-
tion (see appendix). The specific gravity of the rock (G ) was deter-
s 
mined and the i n i t i a l void ra t io was determined from the measurement 
of the sample. 
The coefficient of softening, N , was found for the greywacke by 
s 
running several, unconfined compression tests on both soaked and dry 
samples two inches high and seven-eighths of an inch in diameter. The 
soaked samples were not fully saturated but contained what moisture 
they could "by soaking in water for one hour. This method was apparently 
effective in moistening the sample for when the saturated cores failed, 
the inner material was dark from moisture. The coefficient of soften-
ing of the greywacke was found to be ,90 using this procedure. 
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CHAPTER III 
DISCUSSION OF RESULTS 
Mechanics of Consolidation 
When the granite was placed under the first increment of load 
(1,65^ pounds per square foot) .in test-1, a sudden settlement was 
observed accompanied by loud snapping sounds. Within a minute or 
so after loading, the noises ceased and the rate of settling began 
to fall off. From this point on no further snapping could be detected 
within the model and the settlement continued at a constantly decreasing 
rate. 
This phenomenon was repeated again in subsequent load applica-
tions including the final load of 32,700 pounds per square foot. The 
only differences noticed in the higher loads were that the noises during 
the first few moments after loading were louder and that they continued 
over a longer period of time with increasing load. 
In test 2 the same cracking was noticed but it was not the sound 
of an extremely brittle material as was heard in the granite model. 
The cracking of particles could be heard from time to time throughout 
the first hour or so after each load increment which indicated that 
some of the cementation provided by nature in the greywacke was break-
ing down and allowing further settlement. 
A very odd looking time-settlement curve was obtained from the 
data of test 2. In the latter portion of the curve for each increment 
of load, the sample underwent a sudden increase in both the amount and 
17 
rate of settlement. This was faintly evident in the 1,6^ pound per" 
square foot load and was magnified at the higher loads, Figure 5b. 
The reason for this was the flat loading head and base used in test 2, 
because in test J using the epoxy caps, no evidence of a sudden set-
tlement or change in rate was noticed, Figure 6b. 
During test 3 in the final stages of loading (the 5,000 pound 
increment), the sample was flooded and further settlement immediately 
took place. The rate of settlement increased gradually until the 
water was drained from the sample some 30 minutes after its induction. 
This roughly simulated the wetting that sluicing affords. The rate of 
settlement at this time slowly began to reduce. The sample settled 
thirty-seven thousandths of an inch more than the settlement due to 
the 5j000 pound load up to the time of flooding. This represents an 
increase in settlement of k-5 per cent which would indicate that sluicing 
is of considerable benefit in reducing the amount of settlement in 
rockfill by softening the contact points. 
The characteristic shape of the time-settlement curve of a rock-
fill is quite different than that of a finer more impervious soil* The 
initial settlement on rockfill is relatively large with the settling 
continuing at a constantly decreasing rate. 
Rock Type 
The difference in settlement potential of the types of rock used 
in this testing is readily apparent when viewing Figure 5. The total 
settlement was less using granite as was expected (due to its high com-
pressive strength) but the curve was also smoother than the time-set-
tlement curve of a comparable load in test 2. In all fairness to this 
comparison, i t must be said that the greywacke is probably more 
l i k e l y to have a broken-line time-settlement curve because of 
the method of tes t ing used in t e s t s 1 and 2 . The graywacke, a meta-
morphosed rock, has i t s cementing materials only p a r t i a l l y or incom-
ple te ly rec rys ta l l i zed . I t s strength i s , therefore , less than that 
of completely recrys ta l l ized (metamorphosed) rock or of a heterogeneously 
arranged aggregate of c rys ta l grains that one finds in an igneous rock. 
Under loading, t h i s Incompletely recrys ta l l ized cement may be expected 
to rupture at a lower s t ress than thoroughly recrys ta l l i zed mater ia ls . 
Under continual load, t h i s cementation seemed to rupture allowing the 
sample to s e t t l e , stop and s e t t l e again a f t e r further grain- to-grain 
contacts were broken. This was noticeable a t the surface and the bot-
tom of the sample where the f l a t edge of the loading head and base 
p la te crushed the rocks to a fine powder. To bear t h i s out, each of 
the loading increments using the epoxy caps was smoother and s t ra igh te r 
than i t s counterpart in t e s t 2 , Figure 6. This smoothness is def i -
n i t e l y a t t r ibu ted to the absence of the crushing of the samples a t the 
surface and bottom and gives a much more r e a l i s t i c p ic ture of the rocks' 
behavior within a large f i l l . 
The only evidence of other consolidation t e s t ing of rockf i l l 
points out the d i f f i cu l ty in corre la t ing data from laboratory t e s t s 
performed with f l a t bearing areas for loading the sample at the top 
and bottom. In order to check the adequacy of the rock to be used in 
Ambuklao Dam, a ser ies of crushing t e s t s were made. These t e s t s were 
concentrated on a pa r t i cu la r metamorphic rock to be used (not named) 






































TIME - MINUTES 
1000 10,000 






O K ) 
10 100 
TIME - MINUTES 
1,000 10,000 












TIME - MINUTES 
1,000 10,000 
Figure 6b. Time-Settlement Curve for 3264 psf Load on Greywacke in Test 3. ro ro 
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samples of the broken rock from the quarry areas in a container and 
loading the surface of the sample with a load equal to the pressure 
that would be exerted on the bottom layer of the rockf i l l by the over-
lying f i l l materialo The container was a JO-i^ch-diameter cylinder 20 
inches deep. A hydraulic jack and a loading pla te 20 inches square were 
used to develop a pressure of approximately 25 tons per square foot on 
the material in the box. The settlement under the load shown in Figure 
7 .indicated how much the rock might break down under the pressures to 
be expected in the dam,or so they thought. Fucik points out that 
pr ior to t h i s t e s t i ng the general expectations were tha t the d io r i t e 
would prove to be much stronger than the metamorphic rock. The resu l t s 
were so contrary to what had been expected by visual inspection, how-
ever, tha t a t f i r s t i t was suspected that the resu l t s had been reversed. 
The t r u t h was that the d io r i t e was more damaged by b las t ing and, hence, 
se t t l ed more due to the numerous fines in the sample. ^Something that 
Fucik did not consider is that the d i o r i t e might have been more sus-
cept ible to the local crushing action of the f l a t loading head and that 
no r e a l i s t i c picture of how a par t icu la r rock wi l l perform in a f i l l can 
be determined by t e s t ing in t h i s manner. 
Regardless of the differences in rock type and method of t e s t ing 
of the models under discussion here, i t has been found tha t a general 
statement can be made in regard to the mechanics of the consolidation 
of these models. The pa r t i c l es within the f i l l undoubtedly have 
i r regular surfaces and edges which come to res t against each other in 
the process of dumping. The increase of load causes these edges or 
points of contact to spal l or crush and, hence, there is some readjust-
2k 
ment within .the -fill, -This process continues until .the contact points 
have become sufficiently blunt to transmit .the load to one another 
without further spalling or crushing* This phenomenon coupled with 
the further crushing of the trapped material between the points of 
contact leads to a resulting settlement continuing at ..a gradually 
diminishing rate . This is true in the laboratory'tests of this work 
and in actual measurements on large rockfills, .mainly rockfill dams, 
Figure 8. 
Comparison.,ofogata to Actual Rockfills'« To compare or relate 
the results from three laboratory tests to actual rockfills is.very 
difficult for the variables .and uncertainties are many» In actual. 
rockfills, because of the segregation, the absence of beneficial sluic-
ing past the uppermost part of each layer of rock-and the effects of 
corner breakage in a downward direction^ every lift represents a system 
composed of zones with different compression characteristics. In a 
dumped rockfill made out of a succession of lifts, the compression, char-
acteristics of the fill change at the level of the top of each lift. 
In this complicated picture,.though, there are certain facts which have 
come to light from this testing to point out that.all similarity be-
tween lab models and .actual fills is not lost and that it might be 
possible through principles of similitude to relate the actual data to 
the laboratory data o .Natahala Dam has settled 1-.2 per cent which com-
pares relatively well with the results of test 2 which settled 1 »k per 
cent.:under comparable loads... This;may or may hot' be indicative but 
only further testing can bear this out*1 It might be possible to obtain 
a rough idea of the amount of settlement to expect from a dam by 
25 
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Figure J. Settlement Curves from Crushing Tests Performed 
on Materials from Ambuklao Dam. 
26 
performing a test similar to the ones of this work on the rockfill 
material. 
In general, the settlements of the models can be said to be 
realistic although they extended over a much longer period of time 
than was originally estimated. Due to the small model, it was thought 
that one day per increment of load would easily bring about all notice-
able settlement but this was not the case. Each load increment re-
quired at least three days and some as much as seven days, the higher 
loads requiring the longest time. This long-term settlement is also 
noted on large rockfill dams such as the Dix River Dam which has been 
settling for the past ^0 years and judging from the shape of the set-
tlement curves will continue to settle for the next 10 to 20 years. 
An interesting point to note is shown in Figure 9. With the 
exception of the 10,000 pound load curve, 97 Per cent of the total set-
tlement for each increment of loading took place within 30 hours. It 
so happens that the 10,000 pound curve would have also met this re-
quirement had not the sample been jarred during the last part of the 
settlement curve causing the total settlement to change. In other words, 
this curve probably would have been shifted down on the graph and would 
have been comparable to the other curves had it not been disturbed. 
It was noticed that the sample from test 2 was much more sensitive to 
shock in the latter portions of each time-settlement curve than the sam-
ple which was capped. This was apparently also due to the settlement 
mechanism in contact with the base and top of the sample as previously 
described. 
Immediately after applying each increment of load, it was noticed 


















« N ^ « • 
• -
Settlement 
Plate No. 12 
u A Settlement 
Plate No. 3 
[- ""A" s 
u 
o \ . 
u ^ ^ s O 
L 
* -^o Settlement 
. Plate No. 8 
1 1 1 l_ L J 1 1 
1952 1953 1954 1955 1956 
TIME - YEARS 
1957 1958 
Figure 8. Characteristic Settlement Curves for Kenney Dam. 
\ 5 
V ^ V 
K 









































& dk [j 
.1 1 10 100 1,000 10,000 
TIME-MINUTES 
Figure 9» Relationship Between Time-Per Cent Consolidation Curves 
of Increments in Test 2. ro 
CO 
29 
j a r in the ear ly stages of each load applicat ion produced a def in i te 
increase in set t lement. This s ens i t i v i t y gradually decreased, espe-
cially with the capped samples due to the fact that the pa r t i c l e s found 
a more s table posit ion sooner. This inherent charac te r i s t i c tha t 
rockf i l l s have has "been a much discussed top i c , especial ly where rock-
f i l l dams have been proposed in known "earthquake-prone" a reas . I t 
seems, though, that the action of the laboratory sample is comparable 
to actual rockf i l l s in t h i s respect a l s o . Shortly before midnight on 
August 17, 1959, a severe earthquake occurred in the Hebgen Dam area in 
Montana. The epi-.center of t h i s quake was reported to have been at a 
point approximately 300 miles from Brownlee Dam. In tens i ty a t the 
epi-center was variously estimated at 7*2 to 7.8 on the Richter sca le . 
On August 18 readings were taken on a l l monuments and settlement rods 
along the crest of Brownlee Dam. Those readings did not reveal any 
effect of the earthquake on the ra te of movement. Since t h i s was one 
year af ter the dam was b u i l t , the pa r t i c l e s within the dam had probably 
a l r e a d y r e a c h e d a r e a s o n a b l y s t a b l e p o s i t i o n . 
The comparison of the average rates of settlement between 
Nantahala Dam and t e s t 3 are surpr is ing . The average ra te of s e t t l e -
ment of the 2,000 pound increment, which represents about 65 to 70 
feet of f i l l , was 0.0155 inches per day. The average ra te of s e t t l e -
ment of Nantahala Dam over a five-year period was 0.01^7 inches per 
day. This was during the f i r s t five years af ter the dam was b u i l t . 
The time-settlement curve for Nantahala Dam is shown in Figure 10. The 
equation for t h i s l ine on ari thmetic graph paper i s : 
30 
W = I.278 (log t ) - .3 
where W is in feet and t is in months. 
The equation for the s t ra ight l ine portion of the 2,000 pound 
increment i s : 
W = 3 x 10 (log t ) A .010 
where W is in feet and t is in months, Figure 11. No immediate con-
clusion is drawn from these equations, but it is extremely interesting 
to note that the laboratory models (capped), like actual fills, settle 
at a constantly diminishing rate and at similar average rates. 
Factors Influencing Settlement Data. Since the discussion here 
has been about average settlement, it is perhaps wise to realize the 
possibility of local settlement. When in dumping pieces of rock become 
lodged in such a manner that there are relatively large holes within 
the fill, then even the smallest adjustment resulting from the spalling 
of edges or points of contact may cause partial collapse of these 
voids and, hence, additional sudden settlement. This is known as local 
settlement and was noted in test 2 particularly where the action of 
the loading head crushed certain fragments more easily than others, 
thereby, causing the loading head to tilt. This differential settle-
ment, of course, automatically averaged into the data because of the 
position of the dial gage and prompted the different procedure used in 
test 3. 
Although the existence of large openings within the fill is 
probably largely a matter of chance, the shape of the pieces of rock 
has an important influence. For the rocks of the more spherical shape, 
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Figure 11. Straight-Line Portion of Time-Settlement Curve for 65OO psf Load 




the chances of occurrence of extra-large voids are materially less 
than for rocks of a flat, elongated shape, simply because they have 





(1) The settlement of rockfills is due to the spalling and 
breaking of the points of contact and any finer material trapped 
between these points. 
(2) The settlement of these fills continues at a gradually 
diminishing rate with time. 
(3) When a rockfill material is tested in a normal consolido-
meter using normal loading procedures with smooth cap, the results are 
not indicative of the action within the actual fill. 
(k) Local settlement is more prevalent in flat., elongated rocks. 
One explanation of the benefit of sluicing in reducing the amount of 
settlement after the construction of a rockfill, is that wetting lowers 
the rocks' unconfined compressive strength to its minimum value during 
c on s t r uc t ion. 
(6) The compressive strength and angularity of the rock itself 
play an important role in the rock's resistance to settling. 
(7) The settlement of large rockfills continues for many years 




(1.) Experiments should be undertaken to observe directly the 
interior of a rockfill during construction and subsequent application 
of water load. 
(2.) A parallel series of tests should be performed under both 
dry and saturated conditions. 
(3) A standard procedure for the consolidation testing of rock-
fills should be developed and adopted. 
(k) Additional work should be undertaken toward developing a 
theory for the time rate of settlement of rock fills. 
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A P P E N D I X 
Table 1. Summary of Grain-Size Analyses 
Sieve Number Weight of Ma te r i a l in Grains  
or Size Test 1 Test 2 Test 3 
1" 2208 3252 2751 
3 / V 570 196 151 
1/2" 176 158 61 
3 /8" 58 kl 17 
No. k 60 31 Ik 
Pan 82 2k c 
J 
•total 3154 3702 2999 
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Table 2. Data from Consolidation Test 1. 
Load on Sample 
(lbs.) 
Elapsed Time from 
Application of Load 
(min.) 
Deflection of Sample 
for Each Load 



















































6000 0.25 61 
Table 2. Data from Consolidation Test 1. (Continued) 
Load on Sample 
( l b s . ) 
Elapsed Time from 
Appl ica t ion of Load 
(min.) 
Def lec t ion of Sample 
for Each Load 
( in 1/10,000 inches) 
6000 0.50 390 
6000 1.00 ^51 
6000 2.00 k-91 
6000 5.00 k99 
6000 15.00 509 
6000 30.00 509 
6000 60.00 521 
6000 120.00 531 
6000 2^0.00 533 
6000 36O.O.O 537 
6000 69O.OO 539 
10,000 O.25 512 
10,000 .50 567 
10,000 1.00 652 
10,000 2.00 702 
10,000 5.00 717 
10,000 15.00 737 
10,000 30.00 7^9 
10,000 60.00 761 
1.0,000 120.00 785 
10,000 3^80.00 917 
4o 
Table 3. Data from Consolidation Test 2. 
Elapsed Time from Deflection of Sample 
Load on Sample Application of Load for Each Load 
(lbs.) (min.) (in .l/lO,000 inches) 
0 0 0 
500 0.25 179 
500 0.50 198 
5 00 1.00 201 
500 2 .00 206 
500 5.00 212 
500 10.00 217 
500 20.00 221 
500 30.00 222 
500 60.00 226 
500 120.00 229 
500 240.00 231 
500 480.00 232 
500 1020,00 237 
500 1260.00 239 
500 2460.00 244 
50C 3210.00 248 
500 3900.00 248 
1000 0.25 , 1.60 
1.000 0.50 163 
Table 3. Data from Consolidation Test 2. (Continued) 
E l a p s e d Time from D e f l e c t i o n o f Sample 
Load on Sample A p p l i c a t i o n of Load f o r Each Load 
( l b s . . ) ( m i n . ) ( i n 1 / 1 0 , 0 0 0 i n c h e s ) 
1000 1.00 168 
1000 2 . 0 0 172 
1000 5 . 0 0 174 
1000 1 0 . 0 0 179 
1000 2 0 . 0 0 181 
1000 3 0 . 0 0 I 8 3 
1000 6 0 . 0 0 I 8 7 
1000 1.65.00 196 
1000 2 4 0 . 0 0 200 
1000 4 6 5 . 0 0 205 
1000 9 0 2 . 0 0 208 
1000 1620 .00 251 
1000 2 1 3 0 . 0 0 255 
1000 3 6 0 0 . 0 0 256 
1000 4 4 6 0 . 0 0 256 
1000 5 7 6 0 . 0 0 256 
2000 0 
2000 .25 207 
2000 .50 209 
2000 1.00 21.6 
2000 2 . 0 0 224 
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Cable 5« Data from Consolidation Test 2 . (Continued) 
Elap sed Time from 
Load on Sample Appl i ca t ion of Load 
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Deflection of Sample 
for Each Load 























Table 3-. Data from Consol idat ion; .Test 2a (Continued) 
Elapsed Time from D e f l e c t i o n ' o f Sample 
Load on Sample App l i ca t ion of Load for Eac.b'-Load 
( l b s . ) (mln.) ( i n . l / l O , O$0-fcches) 
5000 1.00 803 
5000 2 .00 824 
5000 3.00 840 
5000 5.00 890 
5000 10.00 912 
5000 20.00 932 
5000 30.00 940 
5000 60.00 951 
5000 120.00 961 
5 oco 240.00 1035. 
5000 4-30.00 1049 
5000 1500.co 1052 
5000 1980.00 1053 
5000 4320.00 1057 
5000 5040.00 1060 
5000 5160.00 1062 
5000 5760.00 1 ^
r . : x : 
1 • I . J 
5000 6060.00 1074 
5000 7210.00 1080; 
5000 7910.00 1080 
5000 8650.00 1080 
Table 3„ .Data from Consolidation .Test 2. (Continued) 
Elapsed Time from Deflection of Sample 
Load on Sample Application of Load for Each-Load 
,{ib8o) ' (m-ln-o) .(4n- l/lC^OOQ-iiaGke.^) 
10,000 0 
10,000 °?5 1587 
10/000 r- /->, 1674 
10,000 1.00 171.4 
10,000 2 .00 1820 
10,000 .5,00 11:71 
10,000 ^ \ 5,00 1.920 
10,000 10.00 1954 
10,000 20.00 1974 
10,000 30.00 19p4 
10,000 60.00 2002 
10,000 120.00 2015 
10,000. 240.00 2033 
10,000 480000 2049 
10,000 1232.0 00 2054 
10,000 171.10 00 2064 
10,000 4300.00 2076 
10,000 5640.00 2 0 % 
10,000 6500.00 2087 
10,000 7^60.00 2090 
1.0,000 7530.00 2102 
Table 3. Data from Consolidation Test 2, (Continued;) 
Elapsed Time from Deflection of Sample 
Load on Sample Application of Load for Each Load 
(lbs.) (min.) (in l/lO*000 inches) 
10,000 7700.00 21.32 
10,000 7880.00 0 1 r\ <"•, 
10,000 79^0.00 2153 
10,000 8650.00 2292 
10,000 8800.00 2324 
10,000 8900.00 23^9 
10,000 ^ 9230.00 2363 
10,000 9520.00 2370 
10,000 10,000.00 2371 
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Table 4. -Data from Consolidation .Test 3» 
Elapsed Time from Deflection of Sample 
Load on Sample Application of load for Each Load 
(lbs.) (min.) (in l/lO,000 inches) 
500 0 0 
500 .25 550 
500 .50 568 
500 1.00 575 
500 2 .00 589 
500 4 .00 595 
500 5.00 600 
500 11.00 609 
500 15.00 614 
500 20.00 618 
500 35.00 625 
500 50.00 G^ 
500 62.00 639 
500 i l l 000 648 
500 120 0 00 648 
500 195 -00 658 
soo 255-00 660 
500 292.00 665 
500 619.00 687 
500 i4io.QO 694 
500 1880.00 703 
7 
Table 4 . Data from Consolidation Test 5. (Continued) 
E l a p s e d Time from 
Load on Sample A p p l i c a t i o n of Load 
( l b s . ) ( m i n . ) 
500 2 8 8 0 . 0 0 
500 5^DC.00 
500 4 ^ 2 0 . 0 0 
1000 .•?C1 
1000 • 50 
1000 1.00 
1000 2 . 0 0 
1000 ? . 0 0 
1.000 7 . 0 0 
1000 1.1.00 
1.000 1 5 . 0 0 
1000 5 0 . 0 0 
1000 6 0 . 0 0 
1000 1.20.00 
1000 1 6 9 . 0 0 
1.000 2 4 0 . 0 0 
1000 4oO.CO 
1000 5-18.00 
1000 7 2 0 . 0 0 
1000 1560 .00 
1000 2 1 9 0 . 0 0 
Def lec t ion of Sample 
for Each Load 




















?able 4. Data from Consolidation Test 3. (Continued) 
Load on Sample 
(-lbs.) 
Elapsed Time 




Def lec t ion of Sa/r,pl? 
for Each !Ipad 
( i n . 1 / 1 0 , 0 0 0 - I n c h e s ) 
1000 3060,00 252 
1.000 3760.00 255 
1000 5065.OO 259 
1000 5791.00 260 
2000 0 0 
2000 .25 304 
2000 .50 517 
2000 1.00 324 
2000 2.00 330 
2000 3.00 339 
2000 6.00 3U7 
2000 10.00 35^ 
2000 20.00 368 
2000 lj-9.00 378 
2000 62.00 380 
2000 83.OO 385 
2000 164.00 395 
2000 286.00 4 08 
2000 388.00 41.1 
2000 538.00 427 
2000 600.00 • 429 
k9 
Table k. Data from Consolidation Test 3» (Continued) 
Load on Sample 
(1^.) 
Elapsed Time from 
Application of Load 
(min. ) 
Def lec t ion of Saa.ple 
for Each Load 


























































Table 4 . Data from Consol ida t ion Test 3 . (Continued) 
Elapsed. Time from Def lec t ion of Sample 
Load on Sample App l i ca t ion of Load for Each Load 





















2 1 8 5 , 0 0 Wet sample 813 
2 1 9 1 . 0 0 835 
2 1 9 3 . 0 0 fM 
2 1 9 7 - 0 0 87*+ 
220: : . 00 93& 
2 2 0 1 . 0 0 968 
221Q000 1023 
2217000 1038 
2 2 1 9 . 0 0 D r a i n e d sample IOVA-
2 2 2 1 . 0 0 1061 
2 2 7 4 . 0 0 1069 
2 2 8 4 . 0 0 1.071 
2 ^ 5 0 . 0 0 1103 
37.93.00 1.1V. 




1 .00 1222 
2 . 0 0 12A3 
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Table k. Data from Consol ida t ion Test 3 . (Continued) 
Elapsed Time from Def lec t ion of Sample 
Load on Sample App l i ca t ion of Load for Each Load 
( l b s . ) (min.) ( i n l / l 0 , 0 0 0 Inches) 
10,, COO iuOO 1267 
10,000 7.00 1231 
10,000 16.00 1303 
10,000 22.00 2314 
10,000 36.00 1^4-0 
10,000 77.00 i.'+03 
52 
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